The aim of this paper is to investigate the effect of woven construction and tension of warp and weft in the woven fabric on the seam slippage using a new approach with video analysis. The method includes measuring the surface of the resulting hole after subjecting the samples to seam slippage test, described in standard HRN EN ISO 13936-1:2008. The new method provides a more detailed and broader description of seam damage caused by tensile stress. Testing was also conducted using the standard method by measuring the distance two adjacent threads. The results show that surface of resulting "hole" depends on the density of warp and weft and the weave of the fabric. The new approach enables a detailed overview of the seam damage after tensile stress.
Introduction
Due to different static and dynamic loads in places of a sewn seam adjacent warp or weft threads can be misplaced, i.e. fabric density can be changed along the seam. This occurrence is described as thread slippage in a seam which is measured in the area of the greatest distance between two adjacent fabric threads expressed in millimetres. Excessive slippage disturbs aesthetic appearance of the product, but it also reduces its utility value, functionality and quality. The amount of permissible slippage depends on the agreement between the manufacturer and the customer. Slippage value depends on many factors related to external factors (intensity and duration of loading), fabric and yarn parameters and parameters of a sewn seam. Fabric weave, number of weft and warp interlacements in a weave unit, warp and weft density, surface properties of warp and weft that are exclusively related to friction parameters of yarn, yarn fineness, yarn manufacturing technology, fiber fineness, raw material composition and fiber length of the yarn and fabric finishing treatments have the biggest influence. One of the most important parameters is the contact area between warp and weft threads in the places of crossing points (greater areahigher friction force) [1] [2] [3] [4] [5] [6] . Different types of sewing stitches are used in the technological sewing process. Due to the formation of sewing stitches various forces come into effect that can be considered in two parts: action of forces when tightening sewing stitches and action of forces when the needle with the sewing thread passes through the material to be sewn. Fabric slippage in clothing belongs to one of the most significant quality parameters from an aesthetic point of view. Except in cases of a combination of fabric properties which have an undesirable effect on slippage described in the introduction, seams in garments exposed to higher stresses are subjected to seam thread slippage. There are several critical places, such as shoulders, back and side seams of the jacket, pocket seams and buttock seams of the trousers [7, 8] . Narrow clothing is more prone to greater slippage, regardless of whether it was so designed or whether it is worn by a fuller-figured person. Normal clothing care (clothes laundering or dry cleaning) can also facilitate slippage which can occur because of removing anti-slippage agents.
The most common requirement on fabrics for manufacturing clothes in practice is that seam slippage is not greater than 2 mm, and for linings smaller or equal to 1 mm which should be retained during the whole garment lifecycle.
In case of a sewn seam the sewing thread joins two fabric pieces [9] . The seam is under certain tension which depends on thread tension during the sewing process, fabric tension and seam density. Seam tension is transferred to the surrounding parts of the fabric and affects the fabric transversally to the seam axis. This results in a deformation of the seam geometry and the misplacement of threads along the seam. Depending on the seam direction, warp and weft threads are misplaced (density disruption), and the distance between two adjacent threads depends on the ratio of the friction force between the warp and weft threads in relation to the value of loading force (tensile force) in the seam. Thread slippage in the fabric seam can be described as a deformation reflected as the misplacement of warp or weft threads, so-called "seam opening", and they are not broken, but there is a density disruption of fabric threads in the seam area. The greatest distance in millimetres among threads is observed.
Higher density of warp or weft threads in the fabric results in lower slippage. This is the consequence of a greater contact surface between two thread systems and a larger number of interlacements on a fabric length unit which directly affects the value of friction force among fabric threads. Fabric construction is more stable when a larger number of interlacements of two thread systems of the fabric is applied. The contact surface between the threads directly affects the value of friction force; it is higher if the number of interlacements is larger. In places where there is no interlacing between the warp and weft threads, where the threads are more mobile making the fabric structure less stable, the contact surface between two thread systems is smaller. If there is higher tension of warp threads in processing and weaving, weaving-in compared to weft threads is smaller. Size pick-up increases their rigidity so that weft threads with lower tension are suppler, they wrap around the warp threads in crossing points, leading to higher weft contraction. The results show that weft thread consumption is higher. The reason for this is that the weft is tighter in the weaving process and adjusts more or wraps more around the warp. An exception is warp rib weave with a thread density of 24/20. The reason could be bending stiffness or the weft has not adjusted to the warp (it interlaces with the warp in 1/1, and the weft interlaces with the weft in 2/2). In this pattern warp density is higher than weft density which supports the theory that the reason might be high bending stiffness of the yarn [10] . It was found that two adjacent weft threads, which interlace in the same way, were calculated as the square root of the number of the adjacent identical binding weft threads due to Hamilton's theory according to which the threads have the possibility of drawing closer to each other, whereby they change the shape of the cross-section [11] . The previous studies confirmed this theory where it was established that the yarns not only draw closer, but that they come one under the other [12] .
There are three possible ways of thread interlacements in the fabric, Fig. 1 .
Fig. 1: Possible ways of thread interlacements in the fabric
Case 1: When (viewed from the reference crossing point) the thread interlaces from both sides to the opposite fabric side, the contact surface in the crossing point of two threads of two opposite systems is the greatest.
Case 2: When the thread from the crossing point interlaces to the opposite side of the fabric on one side, and from the other side to the same side of the fabric -half of the contact surface in the crossing point of two threads in comparing to case 1.
Case 3: When the thread from the crossing point interlaces from both sides to the same side of the fabric -floating -minimal contact surface (tends to zero).
The purpose of this paper is to investigate the influence of the weave and thread density of the woven fabric on the damage amount of the fabric in the seam area when subjected to tensile strength (seam slippage).
Experimental 2.1 Materials Used
Test samples (14) of fabric were woven at the weaving mill ofCteks. The samples were made in 7 different weaves: plain weave, panama, twill 1/3, twill 2/2, satin 4/1, and weft and warp rib; one group had a density of 24 ends and 20 picks and the other group had a density of 20 ends and 24 picks.
These densities were selected to observe the influence of the weaving process on seam slippage. All fabrics were woven from a carded cotton yarn (fineness Tt = 36 tex) from the same batch and from two warps warped under the same conditions. The warp was sized and warped and during the weaving process it was subjected to high tensions, extreme tensile and cyclic stresses. The weft was not specially prepared for weaving, it was only subjected to a short tensile stress while being inserted into the shed and to a lateral compressive stress during beat-up (Table 1) . 
Working Method and Slippage Tests
There are several methods used to determine the resistance of the fabric to slippage of seam threads. To test the samples used in this work, standard HRN EN ISO 13936-1:2008 Textiles -Determination of the slippage resistance of yarns at a seam in woven fabrics -Part 1: Fixed seam opening method [13] . Out of 14 test samples, six test specimens of each sample prepared according to the mentioned standard were selected. The conditions of producing seams according to the table of the mentioned standard were respected [6] . Two opposite sample tapes were gripped with the clamps of the tensile tester (Statimat M, Textechno) with a tensile prestress of 8 N. The distance between two clamps was 20 cm. The speed of the lower clamp of the tensile tester was 100 mm/min.
Three test specimens per sample were tested in warp and weft direction and each sample was stitched with two different stitch densities, 3 and 5 stitches/cm. On the tensile tester the test specimen was loaded up to loading of 8 N. The sample was recorded using the camera with a 30x enlargement. By processing the image in Fiji/ImageJ the areas of the holes resulting from thread slippage were obtained by using measurement unit pixel number. The areas of three largest holes were considered, and the sums of these three areas were taken as the values of the areas to be used for comparison. Seam slippage in millimetres or the maximum misplacement between two threads of the observed system was also measured. Measurement of the fabric porosity is performed by recording samples of fabric, and image processing with program in Fiji/ImageJ. Photo of the recorded sample with enlargements 30x is pulled through the filter. All pixels darker than the default colours are shown in black and brighter white. The function allows selection of shades, which was chosen in a way that projected image fits to original version. After image processing, an analysis with pre-selected default parameters (particle size, including/excluding boundary values etc. The proportion of black pixels to the total number of pixels in the image was taken as a parameter of the woven fabric porosity expressed as a percentage. To achieve more accurate values five images was made for each sample, and the result the mean value were expressed.
Results and Discussion
The fourteen fabric samples, woven in the horizontal and vertical direction from the cotton yarn spun from the same batch, were tested. The samples differ from each other in weave and warp and weft density, and consequently in thickness. The parameters relevant for testing are listed in Table 2 . To determine the area of the "hole" resulting in tensile stress of the sample, the sample is recorded with a digital camera. The video has been divided into images that are subsequently processed in the program Fiji. Using a filter, the image is converted to a projection of the black and white pixels. Black pixels are considered as a "hole", while the area covered with the textile material is white pixel (Image J image processing program). Tension of the system affects fabric porosity, more precisely fabric porosity is greater in fabrics with higher warp density, Fig. 2 .
Warp rib is an exception. The reason is that the measured crimp of the weft is smaller than crimp of the warp in 24/20. Rib weaves are specific for a different number of floats in warp and weft direction. From the point of view of average float length, they belong to unbalanced weaves. Their weave units are not square as in other weaves [10] . In most weaves when the density of the other system increases, weaving-in of the first one increases too and vice versa, Fig. 3 . Fig. 4 it is observable that in the weft rib fabrics the warp threads has maximum interlacement (100%) with the weft threads along the entire fabric, i.e. the warp interlaces with the weft every time.
According to
The weft threads of the same fabric interlace in every other crossing point, i.e. the interlacement is 50% of occurrence in the width.
In the case of the fabrics woven in warp rib the warp interlaces with the weft threads with a share of 50%, while the weft threads interlace with the warp threads with a share of 100%. It is anticipated that seam thread slippage will be greater, if the number of interlacements is smaller. The reason for this is a greater contact surface between warp and weft threads in case of complete interlacing and more stable fabric structure.
Thread slippage was tested, and the area of resulting holes in different weaves and the density of fabrics stitched with two stitch densities were determined.
On the Figs. 5-8 graphs, it can be seen that there is the connection between fabric constructions (weave and thread densities) and the damage of the seam conducted to the normal load. Circular areas represent the area of a gap resulting from thread slippage due to tensile stress in warp and weft direction (number of stitches/cm 3 and 5).
If the warp density (higher weft density) is lower, the thread slippage in weft direction is greater and the slippage in warp direction is smaller. If the warp density (lower weft density) is higher, the thread slippage in weft direction is smaller and slippage in warp direction is greater. When observing the area of holes resulting from slippage, it can be concluded that greater slippage produces holes with a larger area. Plain weave has about equal slippage and hole size in both systems and both stitch densities, and the lowest values of slippage. These results lead to the conclusion that plain weave is the most resistant to slippage.
Both twill weaves have relatively low values of slippage in all elongation directions and all fabric densities.
Panama is more sensitive to slippage in weft direction, and in case of different fabric densities greater differences in slippage were observed. When tensile stress acts in the direction of the denser thread system, slippage is much smaller and slippage in weft direction is greater. When tensile stress acts in the direction of the opener thread system, panama has very high values of slippage, and according to these values panama comes immediately after rib weaves.
Satin weave acts identical as panama weave, but the values of slippage and the areas of holes are considerably lower. When tensile stress in weft direction is applied, i.e. when slippage in warp direction is tested, the values of slippage are approximately the same when fabric densities are 24/20 and 20/24, but the area of holes is considerably greater in the density of 24/20. The reason for this is a greater hole width which results from the combination of easy crosswise misplacement of opener weft and great floating (4 floating threads per 1 double binding thread).
In case of weft rib with opener warp (denser weft) the values of slippage and the areas of holes are the highest, due to tensile stress in warp direction. The reason for this is that the seam thread, due to tensile stress, pulls the weft thread which has less contact points with the warp threads (due to opener warp), and it overcomes the resistance to lower values of friction force much easier. This is confirmed by the results of slippage of warp rib when tensile stress acts in the direction of the opener weft system (denser warp).
Woven fabric that are subjected to the strain stress in a direction where two or more threads have the same interlacement order, has an extremely high values of slippage of the threads in the opposite direction.
It is worth mentioning that the panama weave has very high values of seam slippage in both direction (warp and weft) which point to the fact that direction of warp and weft nor the thread consumption does not affect the seam slippage. Two or more threads with the same interlacement order are subjected to the stress together and act as one. As the result of that, the force on the interlacement points is doubled and threads in the opposite direction easily glide through them almost without resistance.
In case of twill 2/2, values of seam slippage is much lower comparing to warp and weft rep weaves and panama. In twill 2/2 the interlacing is also 2/2 but threads do not interlace in pairs, rather, they separate at the following tie point. This means that threads subjected to the stress do not act in pairs like in rib and panama weave cases but they are separated and bind the adjacent thread forming diagonal pairs that cannot act together.
Conclusion
The results show that surface of resulting "hole" depends on the density of warp and weft and the weave of the fabric. When observing the area of holes resulting from slippage, it can be concluded that greater slippage produces holes with a larger area. Surface of the contact area between warp and weft threads also has a major impact on the seam slippage. Distribution of contact areas of the interlacement points depends on weave type which means that the weave has influence on the seam slippage values. Differences in seam thread slippage in case of different stitch densities are not substantial. The conclusion is that constructional fabric parameters (weave and fabric density) have far greater influence on seam thread slippage. Due to the fact that warp is a tauter thread system and that weft is a looser thread system the values of weft slippage are generally higher than the values of warp slippage. These results lead to the conclusion that plain weave is the most resistant to slippage.
